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ABSTRACT 
1.  The corpora pedunculata of the wood ant (Formica lugubris Zett.) contain densely packed 
neuron  perikarya  which  are  separated  by  ultrathin  glial sheaths.  2.  These  glial sheaths 
are occasionally interrupted  by round  holes with  an average surface area of 2.64/z  2.  The 
holes are designated glial windows since they represent  intracellular gaps of glial cytoplasm. 
3.  The glial windows allow soma-somatic interneuronal junctions.  Of all adjacent neurons 
in a  selected neuron pool, only 42% were interconnected by such junctions.  4.  The inter- 
cellular space at the soma-somatic junctions has an average diameter of 30 A; occasionally, 
it is collapsed  and  an  external compound  membrane  ensues.  The junctional  membranes 
are characterized by the presence of a  subunit pattern  of cross-directional electron-opaque 
lines with a  50- to  70-A periodicity.  5.  Morphological signs  of chemical transmission  are 
absent  in  these junctions.  On  the other  hand,  there  is  a  striking  similarity  in  structural 
organization  between  soma-somatic junctions  and  electrical  synapses  described  in  other 
species. Therefore, it is suggested that these cell contacts of the ant's "cerebral cortex" are 
another form of electrical junction.  6.  The close proximity of the junctions to the cell nu- 
cleus is noted.  Its significance could  not  be  ascertained.  7.  The suggestion is  made  that 
glial windows may have dynamic properties  and may intervene in the regulation of inter- 
neuronal transfer of information. 
INTRODUCTION 
The neuronal cell bodies of the corpora peduncu- 
lata  (mushroom bodies)  in the wood ant measure 
5  to  15  t~ in diameter  and  are separated  by glial 
cell processes  which  are  from  80  A  to  1 #  thick 
(exclusive  of  membranes).  Landolt  (1965)  has 
shown that  these glial sheaths are not continuous, 
but are interrupted by areas of direct interneuronal 
contact.  The  present  work is concerned with  the 
morphological  details  of these junctions,  and  an 
attempt is made to answer the following questions: 
1)  What  is  the  three-dimensional  shape  of these 
junctions?  Are they gaps  between  or within  glial 
cell processes? 2) What is the fine structure of ap- 
posed  neuronal  membranes?  3)  What  is  the  pos- 
sible functional significance of these junctions? 
MATERIAL  AND  METHODS 
Wood ants  (Formica lugubris Zett.)  were anesthetized 
with  CO2  and  the  supraesophageal  ganglia  fixed 
with potassium permanganate  (3% in 0.071  M vero- 
nal-aeetate  buffer,  pH  7.4)  or  with  glutaraldehyde 
(6%  in  0.024  M sodium  phosphate  buffer,  pH  9.4) 
391 FIGURE 1  LOW power micrograph of muskroom body of ant showing an area containing several neurons 
with big roundish nuclei (n), mitochondria, Golgi complexes, multivesicular bodies, and tubes of the endo- 
plasmic reticulum.  The neurons are separated by thin glial sheaths  (g).  Arrows mark interruptions of 
glial sheaths (glial windows) that enable the neurons to make direct, soma-somatic contacts. At ax  is point 
of origin of an axon which shows a soma-axonic contact (arrow sa). Permanganate fixation; uranyl acetate 
and lead hydroxide staining.  X  15,000. FIGURE  2  Genelal view of area  (in rectangle)  sectioned serially and illustrated in Figs. 3  to  10. Direct 
contact (arrow)  is shown between two neurons in the region of a  glial window whose margins are marked 
with crosses. The contact surface bulges into one cell and causes a  depression of the nucleus (starlet).  n, 
nucleus; g, glial sheath. Permanganate fixation; lead citrate  staining. The section shown here is located 
between those of Figs. 7  and 8; the distance between this section and that shown in Fig. 3 measures ap- 
proximately 1.8 #.  ×  ~1,000. 
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cording to  a  previously  described method  (Landolt, 
1965).  After  dehydration  in  ethanol,  the  specimens 
were embedded in Epon 812 according to Luft (1961). 
Dark  gray  or  silver-colored  sections  were  cut  with 
glass  knives on  a  Porter-Blum  mierotome.  The  sec- 
tions  were  collected  on  copper  grids  covered  with 
carbon-coated collodion films and were stained with 
uranyl  acetate  (Watson,  1958)  and  lead  hydroxide 
(Karnovsky's method B,  1961).  Serial sections with a 
thickness  of  about  1500  A  were  picked  up  with  a 
formvar film on a  wire loop and orientated, with the 
aid  of a  dissecting  microscope,  on  single-hole grids 
having an  opening of 2.0  X  1.0  mm.  The  sections 
were stained with lead citrate  (Reynolds,  1963)  and 
coated  with  a  layer  of evaporated carbon.  Electron 
micrographs were prepared with a  Siemens Elmiskop 
I at 80 kv using the double condensor. The condcnsor 
aperture was  either 400 or  200  ~u,  and the objective 
aperture 50 or,  rarely,  30 ~.  Primary magnifications 
were from 4,000 to 80,000.  All exposures were made 
on Scientia 23 D  50 plates. 
RESULTS 
Soma-Somatic Junctions 
Fig.  1 illustrates that the glial tissue surrounding 
the  individual  nerve  perikarya  is  discontinuous, 
enabling the neurons to make direct contact over 
areas as wide as 4 Iz in diameter. In order to clarify 
the structural relations of such interneuronal junc- 
tions, an analysis of serial sections was made.  Such 
a junction is shown in Fig. 2, and Figs. 3 to  10 are 
sample micrographs of an uninterrupted series of 
22  sections  through  that  area.  The  first  section 
(Fig.  3)  shows  a  continuous glial sheath  between 
two  neurons.  The  close  proximity  between  cell 
membrane  and  nucleus  of  the  upper  neuron 
(circle) is quite striking. The section shown in Fig. 
4  is separated from the first one by about 0.15  #. 
The glial sheath is sectioned obliquely and appears 
less well defined  (arrow).  In the following sections 
(Figs.  5  to  9)  a  hole  appears  in  the glial  sheath 
which increases in size (up to Fig.  7) and then de- 
creases again  (Figs.  8  to 9).  In Fig.  10 the gap in 
the glial process has disappeared.  The analysis of 
serial sections through such gaps has convinced us 
that only one glial cell is involved and that the gap 
represents  an intracellular window  rather than  a 
space between adjacent ceils.  The thickness of the 
glial sheath is approximately  250 A  and  the hole 
measures  approximately  2.85  /z  in  one  direction 
and  3.30/~  in  the other  (the latter measurement 
was based on the assumption that the average sec- 
tion is 0.15 t~ thick). We shall refer to these gaps as 
"glial  windows".  Inside  these  glial  windows  one 
finds  soma-somatic  junctions.  Two  features  of 
these junctions deserve  mentioning:  1)  The  con- 
tact surface of two nerve cell bodies usually bulges 
into  one cell or  the  other.  The  surface  is usually 
crinkled  so that profiles may  appear wavy  (Figs. 
5,  6)  or  even  interrupted  (Figs.  7,  8).  2)  The 
junctions often appear to have a  close relationship 
to  the  nucleus  of  one  cell  (Fig.  7)  or  both  cells 
(Fig.  11).  In  some  instances,  the  nucleus  of one 
neuron is slightly depressed in the area of the bulge 
(Figs.  2,  7,  8).  The space between nuclear mem- 
brane  and  cell  membrane  may  be  as  narrow  as 
200 A. No specific and consistent relations between 
the junction and  other cellular elements  (such as 
mitochondria,  Golgi  apparatus,  endoplasmic 
reticulum, ribosomes, inclusion bodies, etc.) can be 
seen.  Nor  is  there  an  accumulation  of vesicles in 
the cytoplasm associated with these soma-somatic 
junctions. 
:FIGURES 3 to 10  Sample micrographs of an uninterrupted series of ~  sections, showing 
the framed area of Fig. 2. Note the striking approximation of the membrane of the upper 
neuron (o)  to its nucleus, even beyond the region of the junction. A hole appears in the 
glial sheath (between Figs. 4 and 5),  increases in size (up to :Fig. 7), and then decreases 
again (Figs.  8  to  9).  In :Fig. 10 the  glial gap  has disappeared.  Note  origin of  the axon 
from the upper neuron in Fig. 8. :Fig. 9 shows a  blurred picture of the obliquely cut mem- 
brane  (between arrows).  All labels and preparation methods are the same as  in Fig.  ~. 
Distances of the various sections from the section shown in Fig. 3: 
Fig. 4, about 0.15 Iz  Fig. 7, about 1.50 # 
Fig. 5, about 0.30 #  :Fig. 8, about ~.40 
:Fig. 6, about 0.90 ]z  Fig. 9, about 8.00 
Fig. 10, about 8.60 # 
Magnification, X  18,000. 
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from the junction to the nuclear membrane measures 600 to 900 A. The very narrow intercellular cleft 
(arrow) has a diameter of about 40 A. Permanganate fixation; uranyl acetate and lead hydroxide staining. 
X  ~90,000. 
TABLE  I 
Dimensions of Unit Membranes  and Intercellular Spaces 
at  Soma-Somatic Junctiona Measured in 
Through-Focus Series 
No.  of 
meas- 
Diameter  ure-  Standa~ d  Variation 
mean  ments  deviation  coefficient 
Unit membrane  87A  30  13A  15% 
Intercellular  31A  30  22A  71% 
space 
Dimensions  of the  Unit  Membranes  and  the 
Intercellular  Cleft at the Soma-Somatic  Junc- 
tions 
Since the membranes in the junctions are rarely 
smooth  but generally wavy,  high resolution  elec- 
tron micrographs of membranes sectioned at right 
angles  are  rarely  obtained.  In favorable sections, 
however,  it is striking that the intercellular space 
is  extremely  narrow  (Fig.  I 1).  Occasionally,  the 
membranes  touch,  giving  rise  to  an  "external 
compound membrane"  (Robertson,  1958)  as seen 
in Fig.  16.  In order to obtain more reliable data on 
these  soma-somatic junctions,  the  dimensions  of 
membranes and intercellular spaces were measured 
in  several  through-focus  series.  No  significant 
difference was found between material fixed with 
permanganate and that fixed with glutaraldehyde 
followed  by osmium tetroxide,  confirming earlier 
observations on glial and neuronal membranes in 
the central nervous system of ants (Landolt,  1965). 
The data were, therefore, combined, with no refer- 
ence  to  fixation,  and  are  presented  in  Table  I. 
The thickness of the intercellular space varies be- 
tween 0  and 80 A. 93 %  of the values are within 0 
and 60 A. The value of 0 A  cannot be taken in an 
absolute sense; in view of the limit of resolution, it 
merely  means  that  the  intercellular  space  is  less 
than  10 to  15 A. 
The  Subunit  Structure  of  the  Soma-Somatic 
Junctions 
Examination of the fine structure of these junc- 
tions reveals a  pattern of regularly arranged dark 
and  light  lines  crossing  the  membranes  at  right 
angles.  This pattern can be more clearly  detected 
in junctions which are sectioned slightly obliquely. 
It is found regardless of whether the material was 
fixed  in  permanganate  or  in  osmium  tetroxide 
(Fig.  15).  The pattern also persists throughout an 
entire  through-focus  series  (Figs.  12  to  14).  The 
periodicity of the lines averages 60 A  (range, 50 to 
70 A).  In selected  areas  in which "external com- 
pound  membranes"  can  be  found,  the  subunit 
pattern consists of three electron-opaque lines, the 
middle line being thicker than the other two. These 
396  THE JOURNAL OF CELL BIOLOOY • VOLUME  28, 1966 FmVRES 1~ to 14  Through-focus series, showing detail of a soma-somatic junction with a clearly visible 
subunit pattern (arrows), which fails to be blurred by defocnsing. Fig.  1~, underfocuscd; Fig.  13, nearest 
to focus; Fig.  14, overfocused. Lens current difference A  I  from one micrograph to the next, 8.0  X  10  -5. 
I 
Period of the pattern is about 60 A. Permanganate fixation; uranyl acetate and lead hydroxide staining. 
X  810,000. 
lines are interconnected by very fine cross-bars in a 
rope-ladder fashion (Fig.  16). 
Surface  Area  and  Distribution  of  Soma- 
Somatic Junctions 
A  layer of cells from a  mushroom body measur- 
ing approximately  20 x  14 x  7 tt was serially scc- 
tioned  at 0.15 ~.  It contained  26 completely sec- 
tioned boundaries between neuron pairs separated 
by glial sheaths.  Of these,  only  11  showed  soma- 
somatic junctions (i.e.  42%).  Seven had one junc- 
tion each,  three  had  two junctions,  and  one had 
three separate junctions. This indicates that while 
such junctions occur relatively frequently  (Fig.  1) 
A. M. LANDOL'r AND H. RIs  Soma-Somatic  Interneuronal Junctions  397 FIGURE 15  Detail of a soma-somatic junction with clearly visible subunit pattern (arrows),  period 65 A. 
The micrograph is slightly underfocused.  Glutaraldehyde and osmium tetroxide fixation; uranyl acetate 
and lead hydroxide staining.  X  ~60,000. 
they do not occur between all neuron pairs. In two 
cases,  we found  a junction  between  soma  and  an 
axon  (Fig.  1, arrow marked sa). The surface areas 
of  48  serially  sectioned  soma-somatic  junctions 
were determined  and  a  histogram  of the size fre- 
quencies was prepared  (Fig.  17).  The mean value 
was found to be 2.64/z  2. On the basis of this mean, 
a Poisson distribution was calculated and projected 
upon the same diagram (Fig.  17).  The two curves 
do not differ significantly if the single exceptionally 
large window is not included in the statistical anal- 
ysis. 
DISCUSSION 
Soma-Somatic  Junctions  in  the  Perikaryon 
Layer of the Mushroom Body in Ants 
Reconstructions  based  on serial electron micro- 
graphs of the mushroom body of the wood ant re- 
veal that the glial cell processes separating neuron 
cell bodies form  a  complex network  of extremely 
thin lamellae. The glial sheaths contain round gaps 
or windows of varying size through which neurons 
make direct contact with each other.  These soma- 
somatic  junctions  arc  approximately  the  size  of 
vertebrate synapses.  This type of junction between 
neurons  is very unusual  and  has  been found  only 
in one other case by electron microscopists.  Hopsu 
and  Arstila  (1965)  described  somato-somatic 
synaptic structures  in the pineal gland  in the rat. 
These  structures  were  characterized  by  electron- 
opaque  projections  from  the  cell  membrane  sur- 
rounded  by  small  vesicles.  The  soma-somatic 
junctions in the ant brain clearly differ from those 
in the pineal gland, in that cytoplasmic vesicles or 
membrane  thickenings  are  absent.  Furthermore, 
the  space  between  the  membranes  is  often  de- 
creased in the junctions of the ant, whereas in the 
pineal gland of the rat there is no apparent change 
in the intercellular space at the synapse. 
The glial windows  and  interneuronal junctions 
described  in this paper  bear striking  resemblance 
to  formations  described  in  the  octopus  (Hama, 
1969)  and in the crayfish (Robertson,  1953,  1954, 
1955,  1961;  de  Lorenzo,  1960;  Hama,  1961).  In 
these  organisms,  the  giant  nerve cells  and  moto- 
neurons  are  separated  by  Schwann  cell  sheaths 
which contain holes through  which interneuronal 
contacts  are  made.  Hama  (1961)  uses  the  term 
"cribriform" synapses  and Watanabe  and  Grund- 
fest  (1961)  use the term "window,"  in describing 
the junctions seen in the lateral giant fibers of the 
crayfish.  There  are,  however,  three  significant 
differences  between  the  windows just  mentioned 
and  those  in  the  mushroom  body  of the  ant:  1) 
The interneuronal sheaths of crayfish and  octopus 
are considerably thicker  (2 to  10/~)  than  the cor- 
responding glial processes in the ant (0.1  to 0.2  ~z). 
9)  The sheaths of the crayfish and  octopus consist 
of  several  layers  of  Schwann-cell  processes  with 
interspersed connective tissue (Hama,  1961,  1969). 
Towards  the  window,  the  sheath  is  thinned  out 
somewhat and the "frame" is made up of but one 
cellular process.  However,  the  evidence for intra- 
cellular gap-formation  has  never been  presented, 
and it remains an open question as to whether one 
single cell (as in the ant) or more cells are involved. 
3)  The fenestrated  sheaths of octopus and crayfish 
393  THE JOURNAL  OF CELL BIOLOGY • VOLUME  ~8, 1966 Fmv~  16  Detail of a soma-somatic junction with clear subunit pattern, period 70 A. Formation of an 
"external compound membrane"  (arrows).  Permanganate fixation;  uranyl acetate and lead  hydroxide 
staining. X  340,000. 
No. 
I 
16- 
14- 
12- 
lO. 
8- 
6 
4~-. 
2- 
o  , 
0 
.w° 
-1 
Classificotion  of  48  soma-somatic  junctions 
Surface  range  0.19 - 13.06 
Mean  2.64  p2 
---  Poisson  distribution  calculated 
on  the  some  mean 
FmVRE  17 
distribution of a population calculated on the same 
-3 
I 
V--1  W3  sur'a°e 
t  I  t  ~  p2 
2  3  4  5  6  7  8  9  10  11  12  13  14 
Histogram  showing the  area  classification of  48  soma-somatic junctions and the  Poisson 
mean value. 
are  found  between  axons,  whereas  the junctions 
described here in ants are of soma-somatic nature. 
The  observations  reported  here  may  explain 
Haller's  (1905)  finding  of "intercellular bridges" 
between  neurons in  the mushroom  bodies of cer- 
tain  insects  (Blatta  orientalis  L.,  and  Apis  mellifica 
L.).  That  author  believed  that  these  "bridges" 
demonstrated  the  existence  of  a  neuronal  syn- 
cytium (Fig.  18), and entered upon a violent argu- 
ment with protagonists of the neuron theory (His, 
1886;  Forel,  1887;  Ram6n  y  Cajal,  1888;  and 
Waldeyer,  1891).  Under conditions of faulty fixa- 
tion,  similar  "intercellular  bridges"  were  visible 
in  our  material.  The  "bridges"  resulted  from  a 
separation of the perikarya  along the glial linings 
except at areas  of interneuronal contact  (Fig.  19, 
arrows).  Haller could not resolve the 200-A inter- 
neuronal  wall  with  the  light  microscope  and  so 
was  misled  to  interpret  these  close  contacts  be- 
tween cells as "intercellular bridges." 
The  evidence  presented  here  in  favor  of inter- 
neuronal junctions in the perikaryon  layer of the 
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connection (v) in the medial part of the  optic lobe of 
Blalta  occidentalis L.  ng,  glial nucleus  (From  Arch. 
mikr. Anat., 1905, 65, 181). 
ant's mushroom body is of particular importance, 
since contacts between nerve cells have been found, 
so far, only in the underlying synaptic layer of the 
neuropil (Hess,  1958; Trujillo-Cen6z, 1959, Tru- 
jillo-Cen6z  and  Melamed,  1962;  Smith  and 
Treherne,  1963;  Arnold,  1964;  Basurmanova, 
1964;  Buchholz,  1964).  These  axo-axonic  and 
axodendritic synapses closely  resemble the analo- 
gous junctions in the vertebrate ganglia. However, 
the soma-somatic junctions in the ant brain repre- 
sent a fundamentally  different type not heretofore 
described in the vertebrate brain. 
The Functional  Significance of Soma-Somatic 
Junctions  and  Glial  Windows 
The function of these junctions cannot be as- 
sessed on the basis of morphological studies. Never- 
theless, the present data seem to provide interesting 
suggestions  for physiological research. 
CHEMICAL OR ELECTRICAL  TRANSMISSION? 
The  structure  of  the  soma-somatic  junctions 
suggests that they may play a role in interneuronal 
transfer of information. The typical signs of chem- 
ical  transmission (agglomeration of  vesicles  and 
mitochondria) are missing. In contrast, the mor- 
phological findings seem to favor the presence of 
electrical transfer since they simulate many, if not 
all,  essential features described in physiologically 
identified  electrical  junctions  in  other  species. 
Studies  on  electrical junctions have  shown  that 
they  are characterized by a  diminished width of 
the  synaptic cleft  as  well  as  by  a  typical cross- 
directional  "subunit  pattern"  in  the  junctional 
membranes  (Robertson,  1955, 1961;  Kao  and 
Grundfest,  1957;  Furshpan  and  Potter,  1959; 
Hama,  1959;  de  Lorenzo,  1960;  Hama,  1961; 
Watanabe and Grundfest, 1961; Robertson, 1963; 
Robertson,  Bodenheimer,  and  Stage,  1963  ; 
Bennett,  Aljure,  Nakajima  and  Pappas,  1963; 
Furshpan,  1964).  The synaptic cleft in electrical 
junctions measures  less  than  100  A.  The  soma- 
somatic junctions of the ant brain described here 
also show a narrow cleft. On the average, it meas- 
ures  30 A.  Occasionally, an  external compound 
membrane may be encountered. This approxima- 
tion of junctional membranes might serve to en- 
hance  electrical  transmission,  although  other 
factors  such  as  membrane resistance  and  mem- 
brane excitability are important (Walanabe and 
Grundfest, 1961; van der Loos,  1963; Loewenstein 
and Kanno, 1964). 
Another indication that  we  might  be  dealing 
with  an  electrical junction is  the  presence  of a 
"subunit pattern,"  a  50- to 70-A periodicity, in the 
synaptic  membranes.  Similar  observations were 
made on a  variety of membranes by Fernfindez- 
Morhn  (1962),  Pease  (1962),  Robertson  (1963). 
Fern~ndez-MorSn, Oda, Blair, and Green (1962), 
Kelly and Smith (1964),  Nilsson (1964),  Robert- 
son,  Lolley,  and Lamborghini (1964),  and  SjCs- 
trand and Elfvin (1964).  The similarity between 
the soma-somatic junction shown in Fig.  16  and 
the  structure described by Robertson  (1963)  for 
the club endings of the Mauthner cell is particu- 
larly striking. 
RELATIONSHIP BETWEEN SOMA-SoMATIC 
JUNCTIONS AND CELL NUCLEUS 
The close proximity of interneuronal junctions 
and the cell nucleus has not been noticed before 
in other types of synapses.  Its significance is not 
clear. On one hand, the cytoplasm of these neurons 
is  admittedly narrow  and  the  proximity  of  the 
400  THE JOURNAL OF CELL BIOLOGY • VOLUUE  ~8, 1966 Fioun~. 19  Swelling of the glial processes,  due to unsatisfactory fixation, reveals that neurons stick to- 
gether in certain places (arrows).  Higher magnification shows that these represent soma-somatic junctions. 
Fixation: 1% Os04 in acetate-veronal buffer,  pH 7.4, containing 5.4 mg CaC12 (anhydrous) per ml of final 
solution. Uranyl acetate and lead hydroxide staining.  )<  10,000. 
nucleus  and  the  junctions  may  be  purely  acci- 
dental.  On the other hand,  one should remember 
that certain modern theories on memory attribute 
a  specific  role  to  nuclear  DNA in  the  process  of 
engram formation  (Hyd6n,  1964). 
Trm ROLE OF GLIAL WINDOWS: 
STATIC OR DYNAMIC? 
Glial windows  determine  the  range  of contacts 
between neurons. The question arises as to whether 
these windows are ontogenetically determined and 
remain  of constant  size or whether  they may  ap- 
pear and disappear during the life of the organism. 
The  significance of this  problem  is  better  under- 
stood if one realizes that electrical synapses, unlike 
their chemical counterparts,  are less equipped for 
quantitative  and  directional  control  of informa- 
tion flow. If the glial windows  could vary in  size 
and  position,  the  glial  tissue  might  serve  some 
regulatory  functions  in  respect  to  information 
transfer.  In  conventional  theory,  such  function 
has been attributed  exclusively to neurons  (for an 
exception, see Galambos,  1961). 
At the present time, there is no direct evidence 
to  support  the  notion  of  dynamic  properties  of 
glial windows. Nevertheless, two observations may 
be  relevant:  1)  The fact  that,  in  a  given neuron 
pool,  only 42%  of the  adjacent  neurons  were in- 
terconnected by soma-somatic junctions may indi- 
cate that a  selection mechanism favoring the con- 
nections  along certain  pathways  is at  work.  2)  It 
has been demonstrated by several authors,  notably 
by  Pomerat  (1958),  that  glial  cells  (at  least  in 
tissue culture)  have dynamic  properties.  Further- 
more,  Birks  (1962)  showed  that  Schwann  cell 
elements may expand into the synaptic cleft at the 
motor endplates of frog skeletal muscle (under the 
influence of glycosides). 
Physiological  researches  are  now  necessary  to 
determine whether  the soma-somatic  junctions  in 
the mushroom body of ants are electrical junctions 
and  whether variations in size and  distribution  of 
glial  windows  are  related  to  the  regulation  of 
neuron interaction. 
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